Stability of antiferromagnetism at high magnetic fields in MnsSi 
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We report low temperature measurements of the specific heat, resistivity and magnetisation of 
the itinerant antiferromagnet MusSi. The unprecedented stability of the magnetic state to high 
magnetic field up to 14 T inferred from the invariance of these bulk properties is incompatible with 
itinerant magnetism expected of a conventional Fermi liquid. 
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Weakly magnetic transition metal compounds with 
small ordered moments and low transition temperatures 
are usually well described as a Fermi liquid with weakly 
exchange split Fermi surface, where special topological 
features of the Fermi surface are ignored It is in 
contrast still an open issue if magnetic metals with large 
ordered moments and small ordering temperature, that 
are more akin to local moment insulators, may also be 
described on the basis of Fermi liquid theory. Insight 
into this question may be sought in the dominant energy 
scales controling the magnetic ordering temperature 
of an itinerant antiferromagnet. In a Fermi liquid low 
ordering temperatures result from strong coupling of the 
magnetisation at ordering wave-vector Q with heavily 
damped spin fluctuations j^]. On the other hand, in the 
isotropic Heisenberg model low ordering temperatures re- 
sult from weak exchange coupling of localized magnetic 
moments. The energy scale and nature of the magnetic 
ordering compared to the mode-mode or local moment 
coupling, respectively, are hence fundamental to mag- 
netism in solids. 

The polarization of a magnetic state in a magnetic 
field allows to probe the relevant coupling strengths. In 
fact, a very large number of transition metal compounds 
are known in which ordering temperatures of order 20 K 
are related to a high sensitivity to magnetic field of a 
few T regardless of whether they are better described 
in terms of Fermi liquid theory or the Heisenberg model 
In this paper we report an experimental investi- 
gation in which we employ the effect of high magnetic 
field (fisH w ksTiq) on the bulk magnetisation M, spe- 
cific heat C and electrical resistivity p of a cubic metal- 
lic antiferromagnet, MnsSi, to study the strength of the 
coupling of the uniform mode (q = 0) with the ordering 
wave- vector Q. The observed complete absence of a field 
dependence is surprising, because it either suggests an 
isotropic Fermi liquid in which the mode-mode coupling 
is absent or an isotropic Heisenberg magnet in which 
the moment coupling is exceptionally strong, despite low 
Tjv. From either point of view the conceptual simplic- 
ity of MnaSi challenges the present day understanding of 



metallic antiferromagnetism. 

Recent years have witnessed an increased interest in 
the magnetic and metallic properties of Heusler tran- 
sition metal compounds to which MusSi belongs. 
Ternary members of this class of materials display a 
wide variety of different behaviours such as disorder in- 
duced non- Fermi liquid 0,^, half-metallic magnetic j|] 
and semiconducting ground states (|]. High ferromag- 
netic ordering temperatures of several hundred K are also 
frequent. 

MnaSi crystalizes as Mn7Mn77^2Si, DOS ordered 
FesAl, space group Fm3m ||9|-[ll|]. The crystal structure 
may be described in terms of four fee sublattices located 
at (0, 0, 0) for Mn/, (1/4, 1/4, 1/4) and (3/4, 3/4, 3/4) 
for the Mn// and (1/2, 1/2, 1/2) for Si. The Mn/ sites are 
hence surrounded by 8 Mn// nearest neighbours (nn) and 
have an Oh point symmetry. The Mn// are on the other 
hand surrounded by 4 Mn/ nn and four Si nn, respec- 
tively. The structural symmetries encountered in MnaSi 
are extremely simple, so that studies of polycrystalline 
samples already supply key information. 

MnaSi is metallic and develops incommensurate anti- 
ferromagnetic order below T/y ~ 25K along Q = 0.425 
a* 111, where b* m denotes the reciprocal lattice vector 
along (111) |lO| , [rT|| . The magnetic order is best described 
as a sequence of ferromagnetic planes Mn// - Mn/ - Mn// , 
separated by a Si plane, all equidistant at d = 3.304 A. 
The ordered moments ^/ = 1.7/iB and /j,// = 0.19^b are 
oriented in-plane, so that the sequence of planes form a 
short wavelength double helix. The ordering wavevec- 
tor Q is weakly T dependent without hint for a further 
change of magnetic structure . The T dependence of 
the Mn/ moment follows a Brillouin function {S = 1/2) 
for T < T/v, i. e., the transition is second order, the mag- 
netic state essentially isotropic and a sizeable ordered 
moment forms already closely below T/v jl^. The key 
features of the magnetic structure are that (i) the or- 
der is essentially antiferromagnetic, (ii) there is no mag- 
netic site frustration, (iii) there is no appreciable mag- 
netic anisotropy, and (iv) the amplitude of the moments 
varies strongly by nearly an order of magnitude along Q. 
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FIG. 1. Isothermal magnetisation of MnaSi as function of 
magnetic field. The inset displays the T dependence of the 
a.c. susceptibility at B =1 T and 12 T. The average magnetic 
moment at 12 T is nearly two orders of magnitude smaller 
than the ordered magnetic moment. The linear field depen- 
dence underscores the apparent lack of a coupling between 
the uniform magnetic field and the ordering wave vector Q. 

Inelastic neutron scattering in MnaSi shows excita- 
tion spectra that are unusual in a number of ways. For 
T > T/v large amphtude, large coherence-length antifer- 
romagnetic spin fluctuations are observed ||l^,|l3| . These 
fluctuations exhibit a q-dependence that is nearly three 
orders of magnitude stronger between q = and Q than 
the conventional Lorentzian dependence expected of an 
isotropic Fermi liquid. For T < Tm very slow antifer- 
romagnetic spin waves with velocity c/ « 37 meVA k. 
85km/s around Q below 6meV contrast fast antifer- 
romagnetic spin waves near the zone boundary above 
6meV, where Ch ^ Q We note, however, that nei- 
ther of these excitations qualify properly as propagating 
spin waves, due to their extreme broadening duj/oj « 1 
which contrasts the spin wave broadening conventionally 
observed in itinerant magnets Slo/oj « 0.1 — 0.001 p[ . 

For our studies polycrystalline samples were synthe- 
sised from stoichiometric amounts of high-purity starting 
materials (5N Mn; 6N Si) by Ar arc-melting. Samples 
were melted several times to promote homogeneity and 
subsequently annealed at 700° C for 7 days. No measur- 
able weight loss was observed. 8 — 28 powder diffraction 
suggested that the samples were single phase where the 
lattice constant a = 5.722 A agreed with the published 
value. Careful scans across polished faces of the poly- 
crystals using microprobe analysis eventually revealed 
< 1% of a second phase of MnsSia. This Si-rich phase 
may be related to a peritectic decomposition of MnsSi 
above 850° C. Neither the polycrystalline nature of the 
samples nor tiny contributions from the second phase of 
MnsSis, for which antiferromagnetic order is very sensi- 
tive to magnetic field alter the key observations and 
conclusions reported here. 

Shown in Fig. 1 is the magnetization M as function 
of magnetic field B as measured in a conventional vi- 




FIG. 2. Specific heat as function of temperature at finite 
field up to 14 T. The inset displays the entropy as calculated 
from the measured specific heat. No magnetic field depen- 
dence is observed apart from a very weak increase of order 
3% above Tjv. The entropy is siginificantly exceeds that of 
typical weak itinerant magnets. 

brating sample magnetometer. Up to 12 T, the highest 
field studied, only a tiny portion of the ordered moment 
of less than 3% is recovered. The magnetic response is 
linear in B and characteristic of a simple Pauli param- 
agnetic state over the entire B and T range investigated. 
The associated susceptibility as measured by a low fre- 
quency technique is low even in the immediate vicinity 
of Tjv (inset of Fig.l). This contrasts the T dependence 
of the ordered Mn/ moment for T < Tn which reaches 
^--^70% already a few K below T^, i.e., a large increase 
of M is anticipated for a field induced change of moment 
orientation just below T/v where the ordering energy is 
low versus the field energy. 

The specific heat C{T) is dominated by a pronounced 
anomaly just below Tn (Fig. 2). For T ^ we ob- 
serve C(T) w + /3T3, where 7 «69 mJ/mol and 
f3 « 1.5-10^'' J/molK''' is consistent with the zero-field be- 
haviour reported before 1^ . The rounding of the anomaly 
in C (T) may be due to the polycrystalline nature of the 
samples studied here. Up to a field of 14 T we do not 
observe any variation of C{T) within the resolution of 
the experiment, apart from a slight increase above T/v. 
Any anisotropy would broaden the C(T) considerably 
since T/v would change much less for the hard direction 
compared with the easy direction. Moreover, neither the 
specific heat nor the neutron scattering spectra jl^ show 
evidence of an antiferromagnetic gap over the experimen- 
tal range, i. e., if there is a gap it is well below 1 K and 
much smaller than our field range, thus underscoring the 
isotropic nature of the magnetic state. 

The T^ dependence of C(T) may not be accounted 
for by lattice contributions, which are negligibly small 
up to 30 K as estimated from the Debye temperature 
Qd = 454K, where Pd « 2.1 • lO-^J/molK" 
More surprisingly, an estimated contribution of local- 
moment antiferromagnetic spin waves to C(T) given by 
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Aa^(T) = /3s„T3 {P,^ w 1.65 • lO-'^ J/mol K") is two 
orders of magnitude smaller than experiment, where a 
conservative estimate of an average J « 1.9 meV, de- 
rived from the experimentally measured low-T spin- wave 
velocity q |i^,|i^, corresponds to a mean field ordering 
temperature Tjv « 30 K, in broad quantitative agreement 
with experiment. This highlights the presence of strong 
dynamics in the metallic state challenging conventional 
models. 

The total entropy S{T) (inset of Fig. 2) of the normal 
metallic state above Tn and the magnetic order are com- 
puted from the experimental data of C(T). Near T/v it 
reaches i?ln2 per MnaSi formula unit, ie., S is at most 
one third of the entropy expected of three localised spin 
1/2, where the lattice contribution is less than 5%. On 
the other hand, S{T) exceeds that of typical weakly fer- 
romagnetic transition metal compounds by at least an 
order of magnitude ||l|,|l^ . This property fundamentally 
questions the consistency of the metallic state with the 
standard spin fluctuation theory in which only param- 
agnons essentially account for the entropy 0]. 

We finally turn to the resistivity p{T) (Fig. 3), which 
displays a broad shoulder near 50 K . The maximum 
in dp/dT near Tjv (inset of Fig. 3) corresponding to the 
shoulder in p{T) shows that it is of electronic origin and 
closely related to the antiferromagnetic spin fluctuations 
seen in neutron-scattering well above Tjv. For T < 10 K, 
p{T) = po + AT"^ {po « llAif^cm, A w 0.115/irJcm/K2) 
enters a quadratic dependence, where the residual resis- 
tivity pq is low, corresponding to a low level of defects. 
The Kadowaki- Woods ratio is empirically consis- 

tent with other materials Q. As for C(T) and x{T), 
the features of p{T) are not sensitive to magnetic field 
up to 12 T, even in the immediate vicinity of T^r where 
the magnetic field energy is very large versus the energy 
gain of the magnetic order. 

Although numerous itinerant electron magnets display 
large ordered moments, e. g. SrRuOs jl9), one needs to 
consider the possibility that MusSi has in fact localized 
moments for the Mn/ sublattice. However, our estimate 
of J w 1.9 meV predicts a large response of the Mn/ mo- 
ments in a magnetic field, contrary to what is observed. 
These considerations and the specific heat clearly rule 
out a Heisenberg model as being even remotely suitable 
to explain the properties observed here. 

The strong interplay of the resistivity and the mag- 
netism and the small change of entropy at Tjv as well 
as the inelastic neutron scattering spectra [ p^ unam- 
biguously show that the magnetic order in MnsSi is in- 
deed intimately connected with the metallic state. More- 
over, electronic structure calculations indicate that the 
d-electrons form the conduction electron bands |^,^,|l| . 
However, the magnetisation of MnsSi is exceptional be- 
cause it is linear over the entire field and temperature 
range studied. This shows that there is no mode-mode 
coupling between q = and Q despite the low ordering 
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FIG. 3. Temperature dependence of the electrical resistiv- 
ity p{T) at zero magnetic field and B = 12 T. The broad 
shoulder around 50 K indicates the loss of a dominant scatter- 
ing mechanism associated with the antiferromagnetic ordering 
temperature Tjv ~ 23 K. The inset displays the derivative of 
the resisitivity dp/dT, where the maximum falls just below 
Tn. 



temperature ||2^]. The invariance of C(T) and p{T) with 
B supports the latter point. Yet, the absence of mode- 
mode coupling in an itinerant antiferromagnet drasti- 
cally contrasts the basic assumptions of a spin polarized 
Fermi liquid, namely, that the mode-mode coupling is 
q-independent 0. 

Measurements of p{T) as function of pressure show 
that Tm increases as dT^/dp « 0.4K/kbar, in agreement 
with the Ehrenfest relation |^,|l^ and many other Heusler 
compounds |Q. This contrasts the majority of weakly 
magnetic transition metal, actinide and lanthanide com- 
pounds The p-dependence suggests a possible link 
with two further unsettled condensed matter problems: 
(i) the magnetic and metallic state related to the quan- 
tum phase transition on the "left-hand-side" of the Do- 
niach phase diagram, i.e. for low exchange coupling J 
and nearly localised moments |^^, and (ii) the metallic 
state on the underdoped side of the superconductivity 
dome of the cuprates ||2^ . Our study suggests that these 
regimes are not compatible with Fermi liquid theory. 

For the remainder we consider the possible origin of 
deviations from Fermi liquid behaviour in MusSi. To 
date special features of the Fermi surface topology have 
not been considered in a phenomenological, quantitative 
evaluation of this model . But electronic structure cal- 
culations show that the Fermi surface of MusSi is excep- 
tional in two ways: (i) it is strongly nested so that the 
magnetic order may be understood as highly anharmonic 
spin density wave (SDW) |20 2^, and (ii) in the spin po- 
larized state the minority density of states of the Mn/ 
and the Mn// are strongly gapped and nearly gapped, 
respectively, as for half-metallic magnetism Consid- 
eration of these features suggest fundamental differences 
of metallic magnetism in MusSi with conventional theory. 

For a SDW state with a nested, multisheeted Fermi 
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surface an abundance of interband excitations is ex- 
pected. This would be consistent with many features of 
the unusual inelastic neutron scattering spectra of MnsSi 
as noted before jl^ , including a damping mechanism 
other than the particle-hole continuum and spin wave in- 
teractions, e.g. a q-dependent mechanism in the vicinity 
of Q | p^ , p^ . First principles calculations of excitation 
spectra in metals support this point in general, as they 
are extremely sensitive to details of the band structure 
giving way to interband transitions p^ . Further, it is 
possible to show that the imaginary part of the exper- 
imentally measured dynamical susceptibility of the low 
energy modes corresponds to an equation of motion that 
describes retarded, nonlocal diffusion . This behavior 
is far removed from a propagating spin wave and classical 
spin wave models are clearly not applicable. 

It has long been pointed out, that the antiferromag- 
netic order and the excitation spectra of MnaSi share 
many features with Cr , where a SDW competes with 
a charge-density wave and lattice instability |2|,Q . The 
amplitude variation of the ordered moment in MnsSi by 
one order of magnitude may be a strong hint at the vicin- 
tiy to a charge density wave instability. We therefore 
speculate if an abundance of charge density fluctuations 
suppresses T^r. The metallic state may then be ulti- 
mately better described from the point of view of incip- 
ient spin-charge separation common to low-dimensional 
systems which however in opur case would occur in 
a 3-dimensional state. In this respect our experiments 
may also provide an important clue to the long-standing 
issue of magnetic ordering in Cr, where Tjv is so large 
that the complete lack of field dependence does not seem 
a surprise for the highest field strengths of order 20 T 
studied to date | p^ . 

The second important topological feature of the elec- 
tronic structure of MnaSi is, that the minority bands in 
the spin polarized state are gapped at the Fermi level . 
Thus low energy particle-hole excitations do not involve 
a spin flip and are hence insensitive to magnetic field. 
Quasiparticle excitations here carry charge but no spin 
alongside non-QP excitations [Q. This state is referred 
to as half-metallic magnetism, for which the absence of 
a magnetic field dependence, as observed here, is key ev- 
idence. Besides the electronic structure calculations for 
MnsSi the class of Heusler and semi-Heusler systems such 
as Fe2MnSi |^ have long been suspected to supply prime 
candidates for half-metallic magnetism However, 
MnsSi represents the first experimental candidate of an 
antiferromagnctic half- metal [Q. 

The highly unusual combination of magnetic, struc- 
tural and metallic properties of MnaSi allow to conclude, 
that the microscopic underpinning of the overall spec- 
trum of low lying excitations is radically different from 
that conventionally assumed in Fermi liquid theory or the 
Heisenberg model. This calls for alternative theoretical 
input possibly related to incipient spin-charge separation 



or half metallic magnetism. 
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